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ABSTRACT 
Calcareous Nannoplankton Assemblages across the Pliocene-Pleistocene Transition in the 
Southwestern Indian Ocean, IODP Site U1475 
 
C. Layne Farr 
Department of Geology and Geophysics 
Texas A&M University 
 
Zoe P. Cares 
Department of Environmental Programs in Geosciences 
Texas A&M University 
 
Research Advisor: Dr. Leah J. LeVay 
International Ocean Discovery Program 
Texas A&M University 
 
 
International Ocean Discovery Program (IODP) Expedition 361 cored six sites along the 
greater Agulhas Current system. An objective of this expedition was to determine the dynamics 
of the Indian-Atlantic Ocean Gateway circulation during Pliocene-Pleistocene climate changes in 
association with changing wind fields and migrating ocean fronts. The Indian-Atlantic Ocean 
Gateway contains a pronounced oceanic frontal system, the position of which has the potential to 
influence global climate on millennial scales. Owing to the physical differences between the 
frontal zones, this region has complex biogeochemistry, changes in phytoplankton distribution, 
and variations in primary productivity. Site U1475 was cored on the Agulhas Plateau in the 
Southwestern Indian Ocean and recovered a complete sequence of calcareous ooze spanning the 
last ~7 Ma. The calcareous nannoplankton assemblage shows an increase of taxa associated with 
cooler water across the Pliocene-Pleistocene Transition (PPT) interval suggesting that a long-
term change in sea surface temperature and nutrient availability took place across the PPT, 
potentially linked to the northward migration of the Subtropical Front.   
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NOMENCLATURE  
 
µm  Micron 
FOV  Field of view 
H  Shannon diversity index value 
IAOG  Indian-Atlantic Ocean Gateway 
IODP  International Ocean Discovery Program 
Kyr  Thousand years 
m  Meters 
Ma   Million years ago 
mbsf  Meters below seafloor 
nmi  Nautical miles 
PPT  Pliocene-Pleistocene transition 
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CHAPTER 1 
INTRODUCTION 
 
 Ocean circulation through the Indian-Atlantic Ocean Gateway (IAOG) is interconnected 
to high-latitude climate forcing on geologic timescales. The IAOG (Figure 1) contains a 
pronounced oceanic frontal system, the position of which has the potential to influence global 
climate on millennial scales. One of the key components of the Indian-Atlantic gateway is the 
Figure 1. Adapted from Romero et al., 2015. Present location of the Agulhas Current and Southern Ocean 
Fronts in the Southern Ocean. Full lines represent the position of the Polar Front (PF), Sub-Antarctic Front 
(SAF), Sub-Tropical Front (STF), and the Agulhas Current. The red dot shows the location of Site U1475 on 
the Agulhas Plateau. The Antarctic Circumpolar Current (ACC) is also represented with gray arrows. 
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Agulhas Current, a large western boundary current that runs along the southeastern coast of 
Africa. Fluctuations in global climate and Antarctic glaciation have resulted in the latitudinal 
migration of the Agulhas Current and Southern Ocean Fronts (McKay et al., 2012; Romero et al., 
2015; Hall et al., 2017). It has been suggested that northward shifts of these frontal zones led to 
intensified Northern Hemisphere glaciation (Bard and Rickaby, 2009).   
The late Pliocene (~3 Ma) was characterized by atmospheric pCO2 concentrations ~35% 
higher than modern pre-industrial levels (Raymo, 1996), ocean temperatures ~3° C warmer than 
modern oceans (Cronin, 1991), and major-deglaciation of the East Antarctic ice sheet (Barrett, 
1992).  From ~4 - 1.5 Ma, subtle changes in the atmospheric greenhouse gas composition, basin 
geometry, or land-surface conditions allowed the earth to cool gradually (Ravelo, 2004). Global 
cooling during the Pliocene-Pleistocene Transition (PPT) is postulated to be a result of a high-
latitude response to decreasing atmospheric pCO2 levels (Sosdian et al., 2009) and was marked 
by major Northern Hemisphere glaciation at ~2.7 Ma and Antarctic ice sheet expansion. 
Maximal pCO2 in the Pliocene atmosphere gradually declined from ~410 µatm to maximal 
Pleistocene values of 300 µatm at 2.0 Ma (Bartoli et al., 2011). Late Pliocene cooling has been 
associated with increases in wind-driven upwelling, creating long-term sinks for atmospheric 
CO2 on the eastern boundaries of major ocean basins (Marlow, 2000). The expansion of 
Antarctic ice sheets may have altered Southern Ocean Circulation and restricted the Agulhas 
Current from flowing into the Atlantic (McKay et al., 2012).  
Latitudinal migration of the Southern Ocean Fronts have occurred in the Quaternary as is 
evident by diatom production increases. Increased availability of nutrients in the surface waters 
during the Late Pleistocene glacial cycles, allowed for increased diatom productivity (Romero et 
al., 2015). The northward migration of the Agulhas Return Current and Southern Ocean Fronts 
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during Late Pleistocene glacial cycles caused shifts in primary production and biological pump 
efficiency, driving the diatom assemblage variations along the southern Agulhas Plateau.  
Another phytoplankton group that is sensitive to changes in temperature and nutrient 
availability is coccolithophores. A deep-sea record millions of years old is preserved by the 
calcium carbonate shell of  coccolithophores. These extant unicellular marine plants are included 
as part of the fossilized group termed calcareous nannoplankton (Weier, 1999). 
Coccolithophorids contribute to oceanic productivity across the globe and through large blooms 
that are able to grow in polar regions with poor levels of nutrients. Variations in nannoplankton 
assemblages are used to identify changes in primary productivity and sea surface temperatures 
(e.g., Marino et al., 2009). In turn, these fossils allow for insight into global climate variability 
and have been used for such in sites all around the world (Marino et al., 2011). Their role as a 
proxy is appropriate, as slight environmental changes are shown directly in their rates of 
productivity (Marlow et al., 2000).  
We hypothesize that cooling across the PPT would cause an observable change in the 
calcareous nannoplankton assemblage, which could be related to the northward migration of the 
Southern Ocean fronts. This project will extend the record of frontal migration history in the 
Indian-Atlantic Ocean Gateway back to the late Pliocene. In addition, this record will aid in 
understanding the role of the IAOG in global climate and oceanographic changes and allow us to 
test if Antarctic ice sheet expansion influenced this region. We will achieve this by analyzing the 
abundance and diversity of the calcareous nannoplankton assemblage and using the paleoecology 
of nannoplankton to reconstruct relative surface water temperature changes and productivity 
changes. 
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Figure 2. Examples of calcareous nannofossils that were present in the samples. 1. Sphenolithus abies (U1475B-
18H, CC). 2. Discoaster tamalis (U1475B-13H-6W, 75cm). 3. Discoaster challengeri (U1475B-13H-6W, 75cm). 
4. Calcidiscus macintyrei (U1475B-10H-4W, 75cm). 5. Reticulofenestra antarcticus (U1475B-10H-4W, 75cm). 
6. Reticulofenestra pseudoumbilicus (U1475B-10H-4W, 75cm). 7. Pseudoemiliania lacunosa (U1475B-10H-4W, 
75cm). 8. Reworked species (U1475B-10H-4W, 75cm) 9. Pontosphaera (U1475B-10H-4W, 75cm). 10. 
Coccolithus pelagicus (U1475B-9H-6W, 75cm). 11. Discoaster pentaradiatus (U1475B-13H-6W, 75cm). 12. 
Calcidiscus leptoporus (U1475B-10H-4W, 75cm). 13. Discoaster triradiatus (U1475B-13H-6W, 75cm). 14. 
Discoaster surculus (U1475B-9H-2W, 75cm). 15. Discoaster brouweri (U1475B-9H-2W, 75cm). 16. Discoaster 
asymmetricus (U1475B-13H-6W, 75cm). 
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CHAPTER II 
METHODOLOGY 
 
One objective of the International Ocean Discovery Program (IODP) Expedition 361, 
was to determine the dynamics of the Indian-Atlantic ocean gateway circulation during Pliocene-
Pleistocene climate changes (Hall et al., 2017).  Expedition 361 Site U1475 was cored on the 
southwestern flank of the Agulhas Plateau (41°25.61′S; 25°15.64′E), ~450 nmi south of Port 
Elizabeth, South Africa, in a water depth of 2669 m (Hall et al., 2017). Six holes were cored 
from 1.5 - 277.0 m and a total of 1015.92 m of nannoplankton ooze were recovered.  
Sample Preparation 
Smear slides were prepared using the Double Slurry Method (Watkins and Bergen, 
2003). A Zeiss Axio Scope.A1 and a Zeiss Axioskop microscope were used for counting at 
x1000 magnification with plain or polarized light. A total of 50 samples were collected from the 
shipboard stratigraphic splice using Holes U1475B and C, from the interval between 61.403 -
88.971 m. This depth interval corresponds to an age range of ~1.90 - 3.42 Ma utilizing the 
shipboard age model (Hall et al., 2017). All fossils were recorded within a single field (FOV) 
and a transect was made across each slide until approximately 500 fossil specimens were counted 
from a given sample. Each FOV was completely document. Calcareous nannoplankton were 
recorded at a level of individual species and 26,015 specimens were documented. See Figure 2 
for examples of different nannoplankton species that are present. 
Reticulofenestra Classification Scheme 
Reticulofenestra species were further subdivided by size and calcification. The 
Reticulofenestra pseudoumbilicus group includes Reticulofenestra with open central areas 
9 
(Figure 2). Specimens in the R. pseudoumbilicus group of maximum length measurements ≤ 3 
µm,  > 3 µm but ≤ 5 µm, > 5 µm but ≤ 7 µm, and > 7 µm were recorded and grouped by their size 
accordingly. The Reticulofenestra antarcticus group includes Reticulofenestra specimens with 
enclosed central areas (Figure 2). Specimens in the R. antarcticus group of maximum length 
measurements > 3 µm but ≤ 5 µm, > 5 µm but ≤ 7 µm, and > 7 µm were recorded and grouped by 
their size accordingly. Specimens in the R. antarcticus group with maximum length 
measurement of ≤ 3  µm were recorded in the R. pseudoumbilicus group as it was difficult to 
identify these small fossils at the species level.  
Analytical Methods  
Relative abundance plots were created at the genera and species level in a time series 
using the shipboard age model. The Reticulofenestra specimens were grouped as follows; all 
Reticulofenestra specimens ≤ 5 µm; R. pseudoumbilicus > 5 µm; and R. antarcticus > 5 µm. 
Calcidiscus leptoporus, Calcidiscus tropicus, and Calcidiscus macintyrei were grouped to 
represent the Calcidiscus genera. Similarly, all Discoaster species were grouped to represent the 
Discoaster genera and all Helicosphaera species were grouped to represent the Helicosphaera 
genera.  
The species richness and Shannon diversity were calculated for each sample. Species 
richness records the number of different species present in each sample. The Shannon diversity 
index is a diversity index that considers both richness and evenness. Shannon diversity index 
values (H) closer to 0.0 represent less diversity in the assemblage. Increasing H values represent 
greater diversity within the assemblage.  
A temperature index was calculated for each sample. (Equation 1). Temperature index 
values closer to 0.0 represent relatively cooler surface waters while temperature index values 
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closer to 1.0 represent relatively warmer surface waters. The species and genera used in the 
temperature index include those known for having ecological preferences based on surface water 
temperatures. The warm-water species include those belonging to the genera Discoaster (Aubry, 
1992; Gibbs et al., 2006; Villa et al. 2008), Calcidiscus (Di Stefano et al., 2010; Marino et al., 
2011;), and Helicosphaera (Mcintyre et al., 1967; Ziveri et al., 2004). The cold-water species 
include Coccolithus pelagicus (Mcintyre et al., 1967; Raffi and Rio, 1981) and Pseudoemiliania 
lacunosa (Gartner, 1972; Marino et al., 201l). 
 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒	𝐼𝑛𝑑𝑒𝑥 = 	 /0123	4256	42175	897:;7<	=>?@A2@:7/0123	4256	42175	897:;7<	=>?@A2@:7	B	/0123	C03A	42175	897:;7<	=>?@A2@:7  
Equation 1.  Temperature Index.  
 
Two species rank abundance plots were created before species grouping (Equation 2). 
One species rank abundance plot includes the Reticulofenestra ≤ 5 µm signal in the total number 
of specimens per sample and the other excludes the Reticulofenestra ≤ 5 µm signal in the total 
number of specimens per sample.  
 𝑆𝑝𝑒𝑐𝑖𝑒𝑠	𝑅𝑎𝑛𝑘	𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒	𝑜𝑓	𝑆𝑝𝑒𝑐𝑖𝑒𝑠	ß =
897:;7<	ß	O2P	C0?@1	;@	826937	Q	B	897:;7<	ß	O2P	C0?@1	;@	826937	RB	…/0123	T?6>75	0U	897:;67@<	;@	826937	Q	B	/0123	T?6>75	0U	897:;67@<	;@	826937	R	B	…  
Equation 2.  Species Rank Abundance. 
 
An area chart was created to show the relative abundances of each species before 
grouping for each sample (Figure 3). The area chart includes the Reticulofenestra ≤ 5 µm signal. 
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CHAPTER III 
RESULTS 
 
Richness and Diversity 
Out of the 26,015 specimens documented, a total of 25 species were identified (see 
Figure 2 for examples). The species richness in a given sample varies from 8 - 21 species (Figure 
4). The average number of species in a given sample is 15 species. The species richness of the 
samples experiences increased variability from ~3.4 - 3.0 Ma with species present ranging from 
10 - 21 species. From 2.89 - 2.76 Ma the species richness stays relatively consistent with ~15 
species present in each sample. This is interrupted by another period of variability from 2.72 - 
2.09 Ma where the species richness ranges from  8 - 21 species present in a given sample.  
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Figure 4. Shannon diversity index and species richness for each sample.   
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The Shannon diversity index of the assemblage has an H value range of 0.86 - 2.01 with 
an average H value of 1.50 (Figure 4). The assemblage experiences intervals of variability in 
species diversity from ~3.4 - 2.8 Ma and ~2.4 - 1.9 Ma with H values ranging from 1.2 - 2.01 
during both time intervals. There is a time interval of low diversity from 2.76 - 2.47 Ma where H 
values ranges from 0.86 - 1.56. The Shannon diversity index appears to be primarily controlled 
by the abundance of Reticulofenestra ≤ 5 µm specimens and consequently the Shannon diversity 
index curve is a mirror image of the Reticulofenestra ≤ 5 µm curve.  
Full Assemblage Details  
 The Reticulofenestra ≤ 5 µm signal dominates the assemblage and consists of 67.22 – 
98.43% of the specimens in any given sample (Figure 3) and 84.93% of the total specimens 
documented (Figure 5a).  
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The total abundance of R. pseudoumbilicus > 5 µm and Coccolithus pelagicus are 3.97% and 
2.89%, respectively. Reticulofenestra antarcticus > 5 µm, Pseudoemiliania lacunosa, and 
Calcidiscus leptoporus consist of 2.37%, 1.51%, and 1.03% of the total specimens documented, 
respectively. The remaining species range from 0.98% to 0.02% of the total specimens 
documented.  
Full Assemblage Details Excluding the Reticulofenestra ≤ 5 µm Signal  
Analyzing fluctuations in the less abundant species may be more indicative of 
paleoenvironmental information. Similar trends were observed when including the 
Reticulofenetra ≤ 5 µm signal, therefore, the Reticulofenestra ≤ 5 µm signal was excluded when 
creating abundance plots to better observe the fluctuations and trends of the less prominent 
species. After removing the Reticulofenestra ≤ 5 µm signal from the assemblage, there are 3,921 
total specimens documented, and the number of specimens in any given sample ranges from 11 – 
161 specimens. The average number of specimens in any given sample is 74 specimens. 
  Figure 5b. Species rank abundance excluding the Reticulofenestra ≤ 5 µm signal.  
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Reticulofenestra pseudoumbilicus > 5 µm, Coccolithus pelagicus, and R. antarcticus > 5 
µm compose 26.37%, 19.15%, and 15.73% of the total specimens documented, respectively 
(Figure 5b). Pseudoemiliania lacunosa and Calcidiscus leptoporus compose 9.99% and 6.86% of 
the total specimens documented, respectively. Reworked species, which are specimens that are 
older than the studied time interval, make up 6.50% of the total specimens documented. 
Helicosphaera carteri, and Calcidscus macintyrei compose 3.23% and 2.62% of the total 
specimens, respectively. The remaining species range from 1.96 - 0.15% of the total specimens 
documented.  
Individual Species and Genera Details Excluding the Reticulofenestra ≤ 5 µm Signal 
The genus Calcidiscus is present throughout the record and exhibits an abundance of 1.82 
- 22.22% in any given sample (Figure 6a). Calcidiscus specimens are more commonly found 
from ~3.4 – 2.9 Ma.  
The genus Discoaster exhibits intermittent absences throughout the record (Figure 6a). 
When present, Discoaster specimens have an abundance of 0.67 – 27.63% in any given sample. 
There are no apparent trends in the  Discoaster record.  
The genus Helicosphaera also exhibits intermittent absences throughout the record 
(Figure 6a). When present, Helicosphaera specimens have an abundance of 0.63 – 14.77% in 
any given sample. Helicosphaera specimens are more commonly found from ~3.4 – 3.0 Ma.  
Other than a single brief absence at 2.29 Ma, Coccolithus pelagicus is found throughout 
the record with an abundance of 5.56 – 61.00% in any given sample (Figure 6a). Coccolithus 
pelagicus abundances are relatively constant through time.  
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Figure 6a. Top: species and genera relative abundance plots for Calcidiscus, Discoaster, and Helicosphaera. 
Bottom: species and genera relative abundance plots for Coccolithus pelagicus, Pseudoemiliania lacunosa, 
and R. pseudoumbilicus > 5 µm.  
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  Figure 6b. Top: species and genera relative abundance plots for Reticulofenestra antarcticus > 5 µm, 
Reticulofonestra ≤ 5 µm, and the reworked species. Bottom: the Shannon diversity, temperature index, and 
global eccentricity curve (Laskar et al., 2004).  
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Pseudoemiliania lacunosa is found sporadically throughout the record, but when present 
has an abundance of 0.78 – 63.64% in any given sample (Figure 6a). This species is more 
commonly present from ~2.7 – 2.2 Ma.  
Reticulofenestra pseudoumbilicus > 5 µm is present throughout the record and varies 
from 2.61 – 64.71% in any given sample (Figure 6a). There appears to be no major long-term 
trend in R. pseudoumbilicus > 5 µm abundance.  
Reticulofenestra antarcticus > 5 µm is present throughout the record except for a single 
brief absence at 2.20 Ma (Figure 6b). When present, R. antarcticus > 5 µm specimens have an 
abundance of 2.52 – 35.56% in any given sample. Reticulofenestra antarcticus > 5 µm 
specimens are more commonly found from ~2.9 – 2.2 Ma.  
Reworked species are found sporadically throughout the record and exhibit intermittent 
absences (Figure 6b). When present, reworked species have an abundance of 0.85 – 37.50% in 
any given sample. Reworked species are most commonly found from ~3.2 – 2.8 Ma.  
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CHAPTER IV 
DISCUSSION 
 
Nannoplankton as Environmental Indicators  
Several nannoplankton species are known for their paleoenvironmental preferences due 
to their respective biogeography. Established by multiple studies, Calcidiscus macintyrei and C. 
leptoporus, Discoaster species, and Helicosphaera carteri and H. sellii are warm-water species 
(Bukry, 1978; Bach et al., 2015) and Coccolithus pelagicus, and Pseudoemiliania lacunosa are 
cold-water species (Geitzenauer, 1972; Robinson, 2006). The variation in relative abundances of 
these nannoplankton species downhole consequently reflects changes in water temperature with 
time.  
Warm-Water Indicators 
Calcidiscus and Helicosphaera experience a decreasing trend in abundance from ~3.4 to 
3.0 Ma (Figure 6a). This decreasing trend could be a reflection of the long-term gradual cooling 
of the warmer Pliocene climate into the cooler Pleistocene climate and subsequent decrease in 
sea surface temperatures.  
The warm-water genus Helicosphaera experiences increased variability from ~2.6 to 2.2 
Ma (Figure 6a). The warm-water genera Calcidiscus and Discoaster experience similar 
variability increases from ~2.5 Ma to 2.3 Ma. These variability increases could be a reflection of 
the major glacial and interglacial cycles that begin at the onset of the PPT.  
These three genera experience a sudden increase in abundance from ~2.1 – 2.0 Ma which 
is most prominent in Discoaster species at 2.1 Ma (Figure 6a). This pulse coincides with a 
sudden drop in the cold-water species Pseudoemiliania lacunosa during the same time interval.   
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Cold-Water Indicators 
The cold-water species Pseudoemiliania lacunosa experiences an increase in abundance 
from ~3.2 – 2.9 Ma which is in the same interval that Calcidiscus and Helicosphaera experience 
decreasing trends (Figure 6a). Pseudoemiliania lacunosa displays a stepped increase in 
abundance from ~2.8 - 2.2 Ma across the Pliocene-Pleistocene boundary (2.58 Ma). Both of 
these trends may indicate a long-term cooling trend of sea surface temperatures. Pseudoemiliania 
lacunosa then experiences a sudden drop in abundance after ~2.2 Ma.  
The cold-water species Coccolithus pelagicus exhibits a sudden pulse of increased 
abundance at 2.23 Ma that coincides with the maximum abundance of Pseudoemiliania lacunosa 
at the termination of its increasing trend (Figure 6a). From 3.28 – 3.06 Ma, C. pelagicus exhibits 
an increase in variability that corresponds to a similar increase in variability over the same 
interval in the reworked species signal.  
Reticulofenestra ≤ 5 µm, R. pseudoumbilicus > 5 µm, and R. antarcticus > 5 µm 
Reticulofenestra pseudoumbilicus > 5 µm shows an interval of increased variability from 
2.2 – 2.0 Ma (Figure 6b). Reticulofenestra antarcticus > 5 µm does not experience any 
observable long-term trends. Reticulofenestra ≤ 5 µm experiences increased variability from ~3.4 
- 2.8 Ma. In addition, from ~2.8 - 2.4 Ma Reticulofenestra ≤ 5 µm experiences sustained high 
abundance.  
Environmental Change Across the Pliocene-Pleistocene Transition 
The temperature index experiences somewhat constant values slightly above 0.5 from 
~3.4 – 3.2 Ma which may reflect a more stable Pliocene climate (Figure 6b). Temperature index 
maxima values increase from 0.60 at ~3.24 Ma to 0.71 at 2.0 Ma. Temperature index minima 
dramatically decrease in value from 0.32 at 3.14 Ma to 0.06 at 1.9 Ma, which may reflect a major 
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long-term cooling trend across the PPT from ~3.2 – 1.9 Ma. The temperature index also 
experiences a progressive increase in variability from ~2.8 – 1.9 Ma that could be a reflection of 
the major glacial and interglacial cycles that began at ~2.7 Ma.  
It is recognized that the Earth’s orbital configuration has an influence on climate. The 
Earth’s orbit around the sun takes the shape of an ellipse. The amount of deviation from a perfect 
circle the Earth’s orbit experiences varies on cycles of 100,000 and 400,000 years and is 
measured by its eccentricity. Eccentricity cycles can change annual mean insolation rates by 
~0.2% and this insolation change is thought to not have noticeable affects to earth’s climate 
(Nisancioglu, 2009). Benthic δ18O records have expressed 41 kyr obliquity forced cycles during 
the late Pliocene to the early Pleistocene (3.0 – 0.8 Ma) with poorly understood 100 kyr 
appearing only recently at ~0.8 Ma (Lisiecki & Raymo, 2007). These cycles are thought to be 
climate drivers and major contributors to the occurrence of glacial and interglacial cycles. Here 
we compare the temperature index and assemblage trends to the eccentricity signal rather than to 
obliquity. The sample resolution for the nannoplankton data is too coarse to confidently examine 
for 41 kyr cyclicity.  
When comparing the temperature index with eccentricity, from ~2.72 to 1.9 Ma the 
temperature index appears to follow the eccentricity signal on broad ~400 kyr cycles. Most 
noticeably, the temperature index shows peak warm values at 2.72, 2.40 and 2.09 Ma that 
correspond to eccentricity minima at roughly the same time intervals. This correlation could 
possibly reflect a poorly understood eccentricity driven climate signal corresponding to 
latitudinal frontal migration patterns or sea surface temperature variations due to global 
temperature fluctuations on ~400 kyr cycles.  
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The temperature index also seems to have a less prominent background signal on ~200 
kyr cycles beginning at ~2.8 – 2.7 Ma. This background signal yields less warm peaks at 2.58 
and 2.29 Ma set between the three warm maxima and does not appear to be obviously expressed 
in the eccentricity signal. This signal could be further explored by increasing the sampling 
resolution. 
The broad ~400 kyr cycles begin in the temperature index at 2.72 Ma, around the same 
time major Northern Hemisphere glaciation is thought to have occurred (Maslin et al., 1998). 
The onset of Northern Hemisphere glaciation appears to introduce the subsequent long-term 
cooling trend and variability increase observed in the temperature index. Latitudinal migrations 
of the subtropical front at 2.72 Ma may have catapulted the globe into major Northern 
hemisphere glaciation, and the subsequent global cooling and glacial cycles could be expressed 
in the long-term cooling and variability trends of the temperature index. These temperature index 
trends could therefore be indicative of stationary cooling of sea surface waters or the incursion of 
cooler waters from the latitudinal migration of the Southern Ocean Fronts due to Antarctic ice 
sheet expansion.  
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CHAPTER V 
CONCLUSION 
 
The observable trends in the nannoplankton assemblage suggest surface waters cooled 
across the PPT. The onset of Northern hemisphere glaciation at ~2.7 Ma appears to have 
noticeable effects on the temperature index. The cooling trends exhibited by the temperature 
index could be indicative of (1) stationary cooling of surface waters due to gradual global 
cooling and the subsequent onset of glacial intervals beginning at the PPT and/or (2) cooling 
surface waters due to the incursion of northward migrating Subtropical frontal zones due to 
expanding Antarctic ice sheets. The intervals of increased variability experienced by the 
temperature index at ~2.8 Ma may reflect major glacial and interglacial periods and could 
possibly be linked to the global eccentricity on ~400 kyr cycles. This potentially challenges our 
current understanding of Milankovitch forced climate signals during the late Pliocene and early 
Pleistocene. In addition, the sustained high abundance of Recticulofenestra ≤ 5 µm, the 
subsequent sustained low abundance of R. pseudoumbilicus > 5 µm and R. antarcticus > 5 µm, 
and the termination of the high variability in most species and genera abundances at ~2.2 - 1.95 
Ma may further reflect higher surface water production during this interval.  
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APPENDIX  
 
Hole, Core, Type, Section, A/W
Top Interval (cm)
Bottom Interval (cm)
Top depth CCSF (m)
Age (Ma)
Calcidiscus leptoporus
Calcidiscus macintyrei
Calcidiscus tropicus
Coccolithus pelagicus
Discoaster asymmetricus
Discoaster brouweri
Discoaster pentaradiatus
Discoaster surculus
Discoaster tamalis
Discoaster triradiatus
Discoaster variabilis
Discoaster spp.
Hayaster perplexus
Helicosphaera carteri
Helicosphaera sellii
Pontosphaera sp.
Pseudoemiliania lacunosa
Reticulofenestra <3 µm
Reticulofenestra 3-5 µm
Reticulofenestra 5-7 µm
Reticulofenestra >7 µm
Reticulofenestra antarcticus 3-5 µm
Reticulofenestra antarcticus 5-7 µm
Reticulofenestra antarcticus >7 µm
Sphenolithus abies
reworked species
Total Number of Specimens
B
 7H
-3W
61
62
61.4
1.90
10
1
1
25
3
5
1
16
65
342
5
1
14
8
4
501
B
 7H
-3W
120
121
62.0
1.91
5
5
24
1
1
2
4
6
269
137
9
2
22
3
3
1
10
504
B
 7H
-4W
29
30
62.6
1.92
6
1
1
14
1
5
1
8
5
211
128
69
5
63
19
3
3
8
551
B
 7H
-4W
91
92
63.2
1.93
14
2
14
2
3
1
3
14
333
82
14
2
36
13
1
3
537
B
 7H
-5W
0
1
63.8
1.93
10
3
3
10
1
1
1
2
1
6
143
226
75
2
15
2
1
1
503
B
 7H
-5W
59
60
64.4
1.94
2
9
1
10
327
121
17
44
7
1
1
540
B
 8H
-3W
1
2
70.3
2.26
10
3
16
3
6
6
258
82
23
2
41
14
2
10
476
B
 8H
-3W
60
61
70.9
2.29
7
2
1
2
2
10
352
9
24
11
49
21
8
1
499
B
 8H
-3W
120
121
71.5
2.33
9
2
2
42
1
3
1
1
8
3
4
196
63
40
4
63
35
2
4
483
B
 8H
-4W
30
31
72.1
2.36
2
1
11
1
1
1
27
192
188
7
2
84
7
1
3
528
B
 8H
-4W
91
92
72.7
2.40
2
1
1
2
1
2
3
2
1
4
171
208
3
81
4
2
488
B
 9H
-2W
146
147
79.8
2.84
2
3
25
2
5
6
1
162
103
43
3
87
32
3
4
6
487
B
 9H
-3W
30
31
80.2
2.86
7
1
2
32
2
4
2
6
160
136
18
4
179
10
1
22
586
B
 9H
-3W
90
91
80.8
2.89
1
11
1
2
1
1
5
166
112
6
172
1
1
1
4
485
B
 9H
-4W
0
1
81.4
2.92
4
8
1
1
1
1
5
198
241
1
122
1
2
586
B
 9H
-4W
60
61
82.0
2.96
9
4
29
3
6
1
2
1
1
19
207
98
12
2
107
3
1
18
523
B
 9H
-4W
120
121
82.6
2.98
4
3
6
1
1
9
233
82
23
2
116
19
2
4
505
B
 -9H
-5W
30
31
83.2
3.02
9
1
13
2
3
5
14
232
89
21
9
121
10
7
2
9
547
B
 9H
-5W
90
91
83.8
3.06
1
1
1
1
1
190
111
2
199
1
3
511
B
 9H
-6W
0
1
84.4
3.09
8
16
1
4
2
1
2
3
196
95
5
165
2
1
5
506
B
 10H
-3W
0
1
89.8
3.38
9
4
19
4
4
4
5
192
91
29
9
104
18
5
3
2
502
B
 10H
-3W
60
61
90.4
3.42
11
4
26
1
1
1
1
12
1
1
7
227
209
10
21
3
9
545
C
 7H
-3W
0
1
65.0
1.95
1
9
6
248
283
19
2
24
5
3
3
7
610
C
 7H
-3W
60
61
65.6
1.98
8
20
1
1
6
192
247
3
1
14
2
3
1
499
C
 7H
-3W
120
121
66.2
2.02
4
1
7
1
3
1
2
3
145
290
7
2
44
1
5
516
C
 7H
-4W
30
31
66.8
2.06
3
1
8
1
1
3
4
5
294
156
3
1
88
2
1
5
576
C
 7H
-4W
90
91
67.4
2.09
2
1
5
3
13
2
3
1
2
5
214
166
17
2
56
12
1
1
6
512
C
 7H
-5W
0
1
68.0
2.13
3
3
10
6
3
16
174
250
7
3
21
6
2
4
508
C
 7H
-5W
60
61
68.6
2.16
3
1
10
1
1
4
249
104
23
3
77
11
3
1
4
495
Table 1a. Raw specimen counts for each species and sample throughout the record. International Ocean 
Discovery Program, Expedition 361, Site U1475. 
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Hole, Core, Type, Section, A/W
Top Interval (cm)
Bottom Interval (cm)
Top depth CCSF (m)
Age (Ma)
Calcidiscus leptoporus
Calcidiscus macintyrei
Calcidiscus tropicus
Coccolithus pelagicus
Discoaster asymmetricus
Discoaster brouweri
Discoaster pentaradiatus
Discoaster surculus
Discoaster tamalis
Discoaster triradiatus
Discoaster variabilis
Discoaster spp.
Hayaster perplexus
Helicosphaera carteri
Helicosphaera sellii
Pontosphaera sp.
Pseudoemiliania lacunosa
Reticulofenestra <3 µm
Reticulofenestra 3-5 µm
Reticulofenestra 5-7 µm
Reticulofenestra >7 µm
Reticulofenestra antarcticus 3-5 
µm
Reticulofenestra antarcticus 5-7 
µm
Reticulofenestra antarcticus >7 
µm
Sphenolithus abies
Reworked Species
Total Number of Specimens
C
 7H
-5W
120
121
69.2
2.20
1
1
1
7
326
147
1
16
500
C
 7H
-6W
30
31
69.8
2.23
7
1
61
1
1
3
4
141
241
2
1
54
17
1
1
15
551
C
 8H
-2W
0
1
73.2
2.42
2
4
11
1
1
4
1
1
3
6
1
2
7
208
88
22
4
100
24
3
1
5
499
C
 8H
-2W
60
61
73.8
2.44
4
2
12
2
1
1
1
5
226
100
26
3
71
21
2
1
4
482
C
 8H
-2W
120
121
74.4
2.47
5
1
7
6
1
1
9
207
166
1
97
4
2
507
C
 8H
-3W
30
31
75.0
2.49
4
11
1
11
124
157
10
1
168
5
2
4
498
C
 8H
-3W
90
91
75.6
2.54
4
2
1
22
1
3
1
3
19
118
144
7
3
153
8
3
1
5
498
C
 8H
-4W
0
1
76.2
2.58
2
1
5
1
1
3
2
3
161
174
3
1
176
13
3
1
6
556
C
 8H
-4W
60
61
76.8
2.63
13
5
16
1
35
90
165
55
9
111
18
3
1
2
524
C
 8H
-4W
120
121
77.4
2.67
4
1
3
16
1
2
1
6
105
239
10
2
128
2
1
521
C
 8H
-5W
30
31
78.0
2.72
4
6
11
3
3
1
2
2
4
4
214
127
31
3
108
24
3
3
5
558
C
 8H
-5W
90
91
78.6
2.76
7
2
21
1
1
2
1
1
4
115
186
16
145
4
1
4
511
C
 8H
-6W
0
1
79.2
2.80
5
20
1
3
1
1
2
237
96
32
4
82
26
4
1
2
517
C
 9H
-3W
90
91
84.8
3.11
5
6
2
4
222
73
9
1
173
4
4
503
C
 9H
-4W
0
1
85.4
3.14
6
1
1
22
1
1
2
3
155
229
7
4
90
2
1
10
535
C
 9H
-4W
60
61
86.0
3.18
7
10
22
1
2
1
1
2
5
5
1
5
210
73
38
16
79
29
9
6
522
C
 9H
-4W
120
121
86.6
3.21
3
1
1
9
2
2
1
206
120
3
1
162
7
3
521
C
 9H
-5W
30
31
87.2
3.24
3
1
1
3
1
1
5
148
132
1
213
2
511
C
 9H
-5W
90
91
87.8
3.28
7
4
17
2
2
3
2
2
4
1
8
249
51
21
9
87
10
6
3
8
496
C
 9H
-6W
0
1
88.4
3.31
10
6
18
1
1
2
1
1
3
6
5
4
3
217
116
18
1
96
11
1
3
5
529
C
 9H
-6W
60
61
89.0
3.34
12
3
2
20
1
1
1
1
2
3
6
4
4
19
182
112
40
9
114
19
7
5
567
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Hole, Core, Type, Section, A/W
Top Interval (cm)
Bottom Interval (cm)
Top depth CCSF (m)
Age
Calcidiscus leptoporus
Calcidiscus macintyrei
Calcidiscus tropicus
Coccolithus pelagicus
Discoaster asymmetricus
Discoaster brouweri
Discoaster pentaradiatus
Discoaster surculus
Discoaster tamalis
Discoaster triradiatus
Discoaster variabilis
Discoaster spp.
Hayaster perplexus
Helicosphaera carteri
Helicosphaera sellii
Pontosphaera sp.
Pseudoemiliania lacunosa
Reticulofenestra 5-7 µm
Reticulofenestra >7 µm
Reticulofenestra antarcticus 5-7 
µm
Reticulofenestra antarcticus  >7 
µm
Sphenolithus abies
Reworked Species
B 7H-3W
61
62
61.4
1.90
12.5
1.3
1.3
31.3
3.8
6.3
1.3
20.0
6.3
1.3
10.0
5.0
B 7H-3W
120
121
62.0
1.91
6.6
6.6
31.6
1.3
1.3
2.6
5.3
7.9
11.8
2.6
3.9
3.9
1.3
13.2
B 7H-4W
29
30
62.6
1.92
4.0
0.7
0.7
9.4
0.7
3.4
0.7
5.4
3.4
46.3
3.4
12.8
2.0
2.0
5.4
B 7H-4W
91
92
63.2
1.93
16.3
2.3
16.3
2.3
3.5
1.2
3.5
16.3
16.3
2.3
15.1
1.2
3.5
B 7H-5W
0
1
63.8
1.93
8.4
2.5
2.5
8.4
0.8
0.8
0.8
1.7
0.8
5.0
63.0
1.7
1.7
0.8
0.8
B 7H-5W
59
60
64.4
1.94
4.2
18.8
2.1
20.8
35.4
14.6
2.1
2.1
B 8H-3W
1
2
70.3
2.26
1.8
16.4
10.9
34.5
3.6
9.1
5.5
5.5
12.7
B 8H-3W
60
61
70.9
2.29
17.4
43.5
2.2
2.2
13.0
6.5
2.2
4.3
6.5
2.2
B 8H-3W
120
121
71.5
2.33
10.8
2.7
18.9
2.7
8.1
2.7
5.4
8.1
18.9
5.4
2.7
13.5
B 8H-4W
30
31
72.1
2.36
7.9
2.6
21.1
2.6
2.6
7.9
10.5
13.2
7.9
2.6
5.3
2.6
13.2
B 8H-4W
91
92
72.7
2.40
2.6
1.3
6.6
3.9
17.1
2.6
3.9
1.3
2.6
6.6
22.4
2.6
15.8
1.3
1.3
7.9
B 9H-2W
146
147
79.8
2.84
4.8
4.8
15.9
9.5
4.8
25.4
11.1
4.8
9.5
3.2
6.3
B 9H-3W
30
31
80.2
2.86
4.6
1.5
15.4
1.5
1.5
6.2
35.4
4.6
16.9
4.6
1.5
6.2
B 9H-3W
90
91
80.8
2.89
9.1
9.1
9.1
63.6
9.1
B 9H-4W
0
1
81.4
2.92
6.1
0.9
53.0
0.9
0.9
2.6
3.5
1.7
0.9
14.8
0.9
0.9
13.0
B 9H-4W
60
61
82.0
2.96
10.5
3.2
16.8
3.2
6.3
6.3
24.2
2.1
14.7
2.1
10.5
B 9H-4W
120
121
82.6
2.98
7.9
2.2
1.1
2.2
2.2
11.2
27.0
12.4
23.6
9.0
1.1
B -9H-5W
30
31
83.2
3.02
5.6
1.2
1.2
26.1
0.6
1.9
0.6
0.6
5.0
1.9
2.5
24.8
2.5
21.7
1.2
2.5
B 9H-5W
90
91
83.8
3.06
3.1
1.6
17.2
1.6
1.6
0.0
1.6
42.2
10.9
3.1
10.9
1.6
4.7
B 9H-6W
0
1
84.4
3.09
7.1
3.6
3.6
7.1
3.6
7.1
10.7
7.1
3.6
14.3
10.7
14.3
7.1
B 10H-3W
0
1
89.8
3.38
1.9
3.9
10.7
1.0
1.0
3.9
1.0
1.0
2.9
5.8
1.0
1.9
6.8
21.4
3.9
23.3
2.9
1.0
4.9
B 10H-3W
60
61
90.4
3.42
4.7
2.4
14.1
2.4
1.2
1.2
1.2
5.9
30.6
3.5
24.7
2.4
1.2
4.7
C 7H-3W
0
1
65.0
1.95
13.5
2.7
18.9
16.2
2.7
2.7
24.3
2.7
10.8
5.4
C 7H-3W
60
61
65.6
1.98
8.2
22.4
2.0
22.4
20.4
2.0
10.2
4.1
8.2
C 7H-3W
120
121
66.2
2.02
4.8
2.4
1.2
26.5
1.2
3.6
1.2
3.6
22.9
8.4
3.6
9.6
3.6
1.2
6.0
C 7H-4W
30
31
66.8
2.06
4.4
2.2
11.1
2.2
2.2
6.7
4.4
6.7
6.7
2.2
28.9
6.7
2.2
13.3
C 7H-4W
90
91
67.4
2.09
8.2
3.2
10.1
0.6
22.2
34.8
5.7
11.4
1.9
0.6
1.3
C 7H-5W
0
1
68.0
2.13
8.2
2.0
6.1
32.7
2.0
4.1
2.0
12.2
20.4
4.1
4.1
2.0
C 7H-5W
60
61
68.6
2.16
3.7
5.5
10.1
2.8
2.8
0.9
1.8
1.8
3.7
3.7
28.4
2.8
22.0
2.8
2.8
4.6
Table 2a. Species relative abundance counts for each sample throughout the record. International Ocean 
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Hole, Core, Type, Section, A/W
Top Interval (cm)
Bottom Interval (cm)
Top depth CCSF (m)
Age
Calcidiscus leptoporus
Calcidiscus macintyrei
Calcidiscus tropicus
Coccolithus pelagicus
Discoaster asymmetricus
Discoaster brouweri
Discoaster pentaradiatus
Discoaster surculus
Discoaster tamalis
Discoaster triradiatus
Discoaster variabilis
Discoaster spp.
Hayaster perplexus
Helicosphaera carteri
Helicosphaera sellii
Pontosphaera sp.
Pseudoemiliania lacunosa
Reticulofenestra 5-7 µm
Reticulofenestra >7 µm
Reticulofenestra antarcticus 5-7 
µm
Reticulofenestra antarcticus  >7 
µm
Sphenolithus abies
Reworked Species
C 7H-5W
120
121
69.2
2.20
10.8
3.1
32.3
1.5
1.5
3.1
1.5
1.5
6.2
24.6
6.2
1.5
6.2
C 7H-6W
30
31
69.8
2.23
4.9
19.6
1.0
2.9
1.0
1.0
2.0
31.4
3.9
25.5
3.9
1.0
2.0
C 8H-2W
0
1
73.2
2.42
1.5
2.2
18.5
1.5
3.7
4.4
0.7
31.9
2.2
23.7
2.2
3.0
4.4
C 8H-2W
60
61
73.8
2.44
6.3
0.9
1.8
28.8
1.8
3.6
1.8
5.4
16.2
3.6
9.0
0.9
19.8
C 8H-2W
120
121
74.4
2.47
2.9
31.4
2.9
5.7
2.9
2.9
14.3
17.1
2.9
2.9
2.9
11.4
C 8H-3W
30
31
75.0
2.49
16.0
32.0
4.0
4.0
4.0
4.0
20.0
4.0
4.0
8.0
C 8H-3W
90
91
75.6
2.54
8.1
3.6
26.1
2.7
5.4
0.9
1.8
0.9
0.9
17.1
10.8
1.8
2.7
0.9
16.2
C 8H-4W
0
1
76.2
2.58
5.4
4.1
8.1
1.4
1.4
12.2
31.1
2.7
25.7
2.7
5.4
C 8H-4W
60
61
76.8
2.63
8.6
1.0
12.4
1.9
2.9
4.8
13.3
20.0
8.6
9.5
6.7
1.9
8.6
C 8H-4W
120
121
77.4
2.67
9.1
9.1
9.1
9.1
9.1
18.2
9.1
27.3
C 8H-5W
30
31
78.0
2.72
16.0
32.0
2.0
8.0
4.0
2.0
4.0
6.0
10.0
4.0
2.0
10.0
C 8H-5W
90
91
78.6
2.76
14.3
17.1
5.7
11.4
25.7
2.9
11.4
11.4
C 8H-6W
0
1
79.2
2.80
9.8
1.6
1.6
36.1
1.6
1.6
3.3
4.9
11.5
6.6
3.3
1.6
16.4
C 9H-3W
90
91
84.8
3.11
4.4
6.3
13.8
0.6
1.3
0.6
0.6
1.3
3.1
3.1
0.6
3.1
23.8
10.0
18.1
5.6
3.8
C 9H-4W
0
1
85.4
3.14
9.1
3.0
3.0
27.3
6.1
6.1
3.0
9.1
3.0
21.2
9.1
C 9H-4W
60
61
86.0
3.18
16.7
5.6
5.6
16.7
5.6
5.6
27.8
5.6
11.1
C 9H-4W
120
121
86.6
3.21
6.4
3.7
15.6
1.8
1.8
2.8
1.8
1.8
3.7
0.9
7.3
19.3
8.3
9.2
5.5
2.8
7.3
C 9H-5W
30
31
87.2
3.24
10.0
6.0
18.0
1.0
1.0
2.0
1.0
1.0
3.0
6.0
5.0
4.0
3.0
18.0
1.0
11.0
1.0
3.0
5.0
C 9H-5W
90
91
87.8
3.28
7.5
1.9
1.3
12.6
0.6
0.6
0.6
0.6
1.3
1.9
3.8
2.5
2.5
11.9
25.2
5.7
11.9
4.4
3.1
C 9H-6W
0
1
88.4
3.31
7.8
3.5
16.5
3.5
3.5
3.5
4.3
25.2
7.8
15.7
4.3
2.6
1.7
C 9H-6W
60
61
89.0
3.34
12.5
4.5
29.5
1.1
1.1
1.1
1.1
13.6
1.1
1.1
8.0
11.4
3.4
10.2
Table 2b. Species relative abundance counts for each sample throughout the record. International Ocean 
Discovery Program, Expedition 361, Site U1475. 
